ABSTRACT As the electricity demand continues to grow and renewable energy resources are incorporated into the grid, an effective dynamic state estimation is required for monitoring and grid synchronization. This paper proposes a microgrid state estimation approach considering the unreliable communication channels. Particularly, the renewable microgrid incorporating distributed energy resources, such as solar panels, are represented as a state-space linear model. Then, the wireless sensor network is adopted to sense the microgrid states. For long-distance transmission, we propose an innovative smart grid infrastructure, which is easy to design and offers a reliable two-way communication. In this infrastructure, the modulated signal is transmitted over an unreliable channel, which causes signal distortions. After demodulation and dequantization, the received signal at the energy management system is used the fading Kalman filter algorithm. Using the tunable forgetting factor in the predicted error covariance step, this algorithm aims to minimize the estimation errors so the estimated states reflect the true system states. Simulations results indicate that the developed approach estimates the system states within 0.25 seconds.
I. INTRODUCTION
In smart grids, the communication is required for transferring sensing information to the energy management system (EMS); therefore, the design of the smart grid communication is significant importance for estimation and stabilization of system dynamics [1] - [3] . Basically, the state estimation is required to monitor the physical objects, and the controller is essential to stabilise the system [4] - [6] . Generally, the sensors and EMS are not co-located, so the measurement information is transmitted through the unreliable channels. Combing the grid information (continuoustime) and estimation (discrete-time) process leads to hybrid systems, so designing an effective communication system is a challenging task under the condition of unreliable links as well [1] , [7] . Driven by this motivation, this paper proposes a new perspective of the state estimation approach that considers the unreliable communication links.
There are many state estimation algorithms proposed in the literature. To begin with, the weighted least squared is a classical scheme for the steady state power system state estimation [8] . To deal with the dynamic state estimation, the Kalman filter (KF) is a well-known solution [9] - [12] . In order to develop a reliable state estimation technique to address the packet dropout in measurements, the paper in [13] presents a linear quadratic regulator to dynamically track frequency, voltage and phase angles. Moreover, the recursive least square with a variable forgetting factor is explored in [14] . This approach provides a fast estimation during transients and selective estimation in steady-states. Interestingly, the belief propagation scheme for estimating the DC microgrid is presented in [15] . It computes the marginal distributions of the system random variables in a distributed way.
On the other hand, the most commonly used non-linear filtering algorithms include extended KF (EKF), unscented KF (UKF) and particle filter (PF), each of which bears unique characteristics and implementation procedures. Their computation complexity are significantly higher than the linear approach, for example KF algorithm. Authors of [16] make use of an EKF algorithm to estimate the flux and speed of an induction motor. Using the EKF and UKF approaches to estimate the dynamic states in a wind-driven doubly fed induction generator is explored in [17] . Moreover, the PF is utilized in [18] for the synchronous generators state estimation. All of the aforementioned algorithms/papers assume perfect communication links and no communication impairments. The contributions of this paper are summarized as follows:
• After representing the renewable microgrid in a statespace model, the wireless sensor network is adopted to sense the microgrid states under the condition of unreliable channels. For long-distance transmission the binary phase keying is used, and after demodulation as well as dequantization, the mean squared error based state estimation algorithm is proposed.
• A fading Kalman filter algorithm is proposed for microgrid state estimations. Introducing forgetting factor in the error covariance step can help to reduce the estimation errors in the system states.
• Simulation results show that the developed approach can well estimate the system states under the condition of fading channel links. The remainder of this article is organized as follows. The microgrid model is described in Section II, and the proposed smart communication is illustrated in Section III. The developed approach is presented in Section IV, and its numerical simulation result is demonstrated in Section V. Section VI draws the conclusion and presents the future work.
Notation: Bold face lower and upper case characters are used to represent vectors and matrices, respectively; superscripts s denotes the transpose of s and I is the identity matrix. The studied DC microgrid [21] , [22] .
II. DC MICROGRID MODEL
The microgrid integrating distributed energy resources (DERs) such as wind turbine is a small subset of the grid, and it provides clean energy to the customers [19] , [20] . It can operate both in the grid connected and islanded mode depending on situations. Generally, the switch is used to connect the microgrid to the main grid. Fig. 1 shows the studied microgrid in this paper [21] .
The set of dynamic equations of N DERs is expressed as follows: 
Here, i, R, L, C and v denote the current, resistor, inductor, capacitor and point of common coupling (PCC) voltage, respectively. For instance, i dj and i tj and i lj are the current deviation of DER j , transmission line and load, respectively. For simplicity, it considers that there are three DERs to form a microgrid. The above system can be written in the following discrete form:
where
] system input, A = I + tA c is the state matrix, B = tB c is the input matrix and t is the sampling period [23] . The system dynamic of A c and B c are given in [21] and [22] , and p(k) is the process uncertainties whose covariance matrix is Q. In order to sense the microgrid, the system operator is generally used the phasor measurement units and sensors. The following section describes the sensing and transmitting infrastructure in the context of smart grid communication.
III. PROPOSED COMMUNICATION SYSTEMS
Generally speaking, the microgrid and the energy management system is far away. In order to transmit the sensing information to the control centre, the operator deploys a set of sensors around the objects. Therefore, the measurement is obtained as follows: Here, s(k) is the measurement, H is the sensing matrix and v(k) is the measurement noise whose covariance matrix is R. Usually, the sensors have limited communication capabilities [24] ; therefore, it can not able to send the sensing information to the long distance transmission. For instance, the energy management system is geographically far way from the grid. Consequently, it will need a suitable communication infrastructure which provides two-way communication between them [11] . Driven by this motivation [22] , this paper proposes an innovative smart grid communication systems as shown in Fig. 2 .
To facilities this infrastructure, the sensing information is quantized to obtain the bit information. This is due to the fact that the digital modulation scheme is used for long distance signal transmission. So, the bit information is modulated using the binary phase shift keying (BPSK) to obtain m(k) signal [11] . The modulated signal is then transmitted through the unreliable channel, which causes the signal distortions. The received signal at the control center is written as follows.
where g(k) is the fading channel coefficient g(k) > 1 [25] - [27] and d(k) is the channel noise. The received signal then follows the demodulation and dequantization process; and finally, it uses for the state estimation process.
IV. PROPOSED ESTIMATION FRAMEWORK
Normally, the sensing information is transmitted through the unreliable channel which causes the signal distortions [17] . In order to remove the unwanted signals and noises from the state information, one can adopt the fading KF algorithm to estimate the system states. The fading KF involves the prediction and correction steps. In other words, it is a recursive algorithm which minimizes the mean squared error.
The following is the recursive steps using the fading KF algorithm [28] , [29] :
VOLUME 5, 2017 FIGURE 7. DER 2 load current i l 2 and its estimated state. wherex(k − 1) is the initial estimated states and its error covariance is: where P(k − 1) is the initial estimated covariance matrix and λ is the forgetting factor which is 0 < λ < 1. The optimal gain is computed as follows:
The desired state estimation and it error covariance is obtained as follows:
Here, z(k) is the dequantized version of the received signal as shown in Fig. 2 . In the following section, the simulation results are presented.
V. SIMULATION RESULTS
In this section, the proposed scheme is verified. The simulation parameters are shown in Table 1 , where Matlab is used as tool. From the simulation result as shown in Figs. 3-13 , it is observed that the proposed algorithm can be well estimated the system states with a high accuracy. In other words, the proposed estimator is required about 0.25 seconds (k*step size) to estimate the microgrid states. This is due to the fact that the proposed fading KF algorithm can able to reject the noises, so it rectifies the system states. Secondly, the forgetting factor in the predication error covariance step can reduce the estimation errors, so the estimated states reflect the true states as time goes on. Note that the small fluctuation comes from the fading channel which does not so much impact to the estimation results.
VI. CONCLUSION AND FUTURE WORK
In order to design the smart energy management system under the condition of unreliable channels, this paper proposes a fading KF algorithm. Furthermore, this paper designs an innovative smart grid communication systems where the signal is transmitted through the fading channels. In the energy management system, the fading KF is adopted to estimate the system states. It demonstrates that the proposed approach can estimate the system states with high accuracy considering the microgrid. Consequently, the explore approach is valuable for designing a smart energy management system under the condition of fading channels. In the future, we will consider the delays and packet dropouts in the proposed approach [7] .
